Dysregulation of protein kinase A (PKA) activity, caused by loss of function mutations in PRKAR1A, is known to induce tumor formation in the inherited tumor syndrome Carney complex (CNC) and is also associated with sporadic tumors of the thyroid and adrenal. We have previously shown that Prkar1a +/À mice develop schwannomas reminiscent of those seen in CNC and that similar tumors are observed in tissuespecific knockouts (KO) of Prkar1a targeted to the neural crest. Within these tumors, we have previously described the presence of epithelial islands, although the nature of these structures was unclear. In this article, we report that these epithelial structures are derived from KO cells originating in the neural crest. Analysis of the mesenchymal marker vimentin revealed that this protein was markedly down-regulated not only from the epithelial islands, but also from the tumor as a whole, consistent with mesenchymalto-epithelial transition (MET). In vitro, Prkar1a null primary mouse embryonic fibroblasts, which display constitutive PKA signaling, also showed evidence for MET, with a loss of vimentin and up-regulation of the epithelial marker Ecadherin. Reduction of vimentin protein occurred at the posttranslational level and was rescued by proteasomal inhibition. Finally, this down-regulation of vimentin was recapitulated in the adrenal nodules of CNC patients, confirming an unexpected and previously unrecognized role for PKA in
Introduction
Protein kinase A (PKA) is an evolutionarily conserved serine threonine kinase that regulates diverse signal transduction pathways, including cellular development, proliferation, differentiation, apoptosis, and tumorigenesis. The PKA holoenzyme exists as a heterotetramer consisting of two regulatory and two catalytic subunits. In humans and mice, there are four regulatory subunit genes: PRKAR1A, PRKAR1B, PRKAR2A, and PRKAR2B. As shown elegantly in knockout (KO) mouse studies, these four genes function in a tissue and cell-type specific manner to regulate accurately the activity of the catalytic subunits (1) (2) (3) . Of the four regulatory subunits, PRKAR1A is the most highly and ubiquitously expressed.
Carney complex (CNC, OMIM 160980) is an autosomal dominant multiple endocrine neoplasia syndrome caused by loss of function mutations in PRKAR1A in at least 50% of the CNC patients characterized to date (4) (5) (6) . Tumors from these patients display increased PKA activity when compared with non-CNC tumors from the same tissue (4) . Loss of PRKAR1A has also been reported from sporadic tumors of the thyroid, breast, and adrenal, indicating that this gene has tumor suppressor function in a variety of sporadic cancers (7, 8) . To investigate the tumor suppressor function of Prkar1a in vivo, we generated a KO mouse model for Prkar1a and have shown that heterozygote mice develop a spectrum of tumors that overlap with the tumors seen in human CNC patients (9) . Prkar1a +/À mice developed schwannomas, bony tumors, and thyroid cancer, whereas tissue-specific ablation of Prkar1a from a subset of cranial neural crest cells led to the development of schwannomas. These data confirm Prkar1a's role as a tumor suppressor gene and indicate that complete loss of the gene is sufficient for tumor development.
Vimentin is an intermediate filament protein involved in maintaining cell shape, integrity of the cytoplasm, and stabilizing cytoskeletal interactions and structural processes (10) . It is the most abundant of the intermediate filament proteins and is widely expressed in a variety of mesenchymal cell types, such as fibroblasts and endothelial cells. It is also expressed in other cell types derived from mesoderm, such as mesothelium, ovarian granulosa cells, and monocyte/macrophages. In most nonmesenchymal cells, vimentin is replaced by other intermediate filament proteins during the process of differentiation (11) .
In this article, we describe mesenchymal-to-epithelial transition (MET), which occurs in Prkar1a À/À schwannomas, as evidenced by the gain of cytokeratin staining (as observed previously; ref. 9) and the loss of vimentin. This biochemical alteration, which occurred only in cells that had undergone cre-mediated excision of Prkar1a, was mirrored in vitro in Prkar1a À/À mouse embryonic fibroblasts (MEFs). Finally, these findings were corroborated in adrenal tumors from patients with the CNC due to mutation of PRKAR1A. Overall, these observations suggest that PKA dysregulation caused by loss of PRKAR1A/Prkar1a leads to MET, a finding which has clear implications for the behavior of these tumors.
Materials and Methods
Animal studies. The generation of the Prkar1a conditional null line (9) and the TEC3 (cre) line (12) have previously been described. Genetically modified mice were housed in sterile microisolator racks on a 12-h light/dark cycle. All animals were cared for under an IACUCapproved animal protocol in accordance with the highest standards of ethical animal care. Patient samples. All human samples were collected with informed consent at NIH from patients participating in research protocol 96-CH-0069. Samples used in this study were all previously shown to carry mutations in the PRKAR1A gene (13) .
Cell culture and transfections. Wild-type (WT) and Prkar1a À/À MEFs were generated and maintained in DMEM supplemented with 10% fetal bovine serum (FBS; Hyclone) as described (14) . HeLa and 293T cells were cultured in DMEM supplemented with 10% FBS in a humidified atmosphere containing 5% CO 2 . For transfections, cells plated 24 h before transfection were transfected with constitutively active PKA-C expression plasmid using Superfect (Qiagen) according to manufacturer's recommendations. Cells were harvested 48 h after transfection for protein preparation as described (14) . Immunoblot analysis. For vimentin immunoblotting, whole-cell lysates prepared from early (P10) and late passage MEFs (P23) were separated by 10% SDS/PAGE, transferred to nitrocellulose membrane (Pall), and probed with primary antibodies from the following sources: Santa Cruz Biotechnologies [phosphorylated vimentin (Ser 55 ), vimentin, twist, N-cadherin (N-19), and fibronectin (H-300)], Spring Bioscience (aSMA), Abcam (Snail, E-cadherin), Cell Signaling, Inc. (extracellular signal-regulated kinase), and BD Biosciences (SHP2). Binding of primary antibodies was visualized after incubation with species-specific secondary antibodies using chemiluminescence reagents (Perkin-Elmer).
Immunofluorescence and immunohistochemistry. For immunofluorescence, frozen schwannoma sections obtained from Prkar1a tissuespecific KO mice were fixed in cold acetone for 10 min and blocked for 1 h with the blocking solution obtained from mouse-on-mouse kit (Vector Labs). The sections were serially stained with vimentin and phalloidin or vimentin and cytokeratin 18, and the binding of primary antibodies was visualized by incubation with the appropriate secondary antibodies conjugated with Alexa 488 or 594 dyes. For immunohistochemistry, paraffin-embedded adrenocortical tumor sections from CNC patients were bleached in 10% hydrogen peroxide for f8 h or until pigmentation had faded. Slides were then subject to antigen retrieval and staining for vimentin as described (9) .
Microarray and quantitative real-time PCR analyses. mRNA was isolated from Prkar1a +/+ and Prkar1a À/À MEFs and quantitative real-time PCR (qRT-PCR) was performed as described (14) . Vimentin primers used were forward, ATGTGAAGTTCATTTCCAACCC and reverse, TTGACTCC AGAAGGGCTTCA. mRNA fold changes were calculated by the ddCt method using Gapdh as a standard. All PCR reactions were done in triplicate, and each analysis was representative of three Prkar1a À/À and one Prkar1a +/+ cell lines taken from the same litter. Microarray analysis was performed essentially as described (15) using the Affymetrix Mouse 430A and B chips to compare two independently isolated cell lines that were WT or KO for the Prkar1a gene. Full details of this microarray analysis will be published elsewhere.
Results
MET in Prkar1a null tumors. In our studies of schwannomas from Prkar1a +/À and tissue-specific Prkar1a À/À mice, we consistently noted the presence of small islands of epithelial-appearing cells that stained for cytokeratin 14 (9) and cytokeratin 18 ( Fig. 1) .
To verify the connection between these cells and the loss of Prkar1a, we initially attempted to stain the tumors with an antibody specific for the Prkar1a protein. However, all anti-Prkar1a antibodies tested exhibited significant nonspecific staining in immunohistochemical testing, so results were felt to be unreliable (data not shown). To circumvent this problem, we introduced into the mouse line the Rosa26 lacZ reporter allele (16) , which enables h-galactosidase expression in the presence of cre activity. Because excision of the Prkar1a loxP allele seems to occur at high efficiency (data not shown), we used lacZ staining as a means to mark cells which had recombined the Prkar1a alleles. Staining of serial frozen sections of tumors showed that the epithelial islands also stained intensely for h-galactosidase activity, confirming that they arose from Prkar1a KO cells (Fig. 1 ). Because these tumors arose from neural crest cells, we also stained them for vimentin, an intermediate filament protein characteristic of mesenchymalderived cells. Surprisingly, analysis of vimentin showed that the protein was essentially absent from the tumor, not only in the regions of the epithelial islands ( Fig. 1 ), but also in the tumor as a whole ( Fig. 2A and B) . In regions at the edge of the tumor, lacZ staining correlated both with neoplastic cells and with a lack of vimentin, both of which were clearly absent from the surrounding stromal tissue ( Fig. 2A) .
In contrast, staining with phalloidin to detect structural filamentous actin (F-actin) showed uniform labeling of both stroma and tumor (Fig. 2B) . Finally, to confirm the immunofluorescence data, cell lysates were prepared from snap-frozen tumors and shown to exhibit markedly reduced vimentin in the presence of unaltered levels of actin (Fig. 2C) . These data suggested that all Down-regulation of vimentin in Prkar1a KO MEFs. To investigate the mechanisms by which loss of Prkar1a could result in the loss of vimentin and thus alter tumor behavior, we sought to determine if the same phenomenon was occurring in Prkar1a À/À MEFs. We have previously shown that these cells, which are generated in vitro from Prkar1a loxP/loxP MEFs, exhibit an increase in both free and total PKA activity (14) . In confirmation of the in vivo data, we observed a striking down-regulation of vimentin in the cells, including both the total and phosphorylated forms of the protein (Fig. 3A) . This down-regulation was more pronounced in late passage MEFs, in which levels of phosphorylated vimentin are even more strongly suppressed. These results suggested that increased activity of PKA as a result of the loss of Prkar1a is able to modulate vimentin levels.
To explore the mechanism responsible for decreased vimentin in these cells, we first examined the levels of vimentin mRNA in both KO and WT MEFs by cDNA microarray analysis (Table 1) . No significant differences were observed in the vimentin mRNA levels between Prkar1a KO MEFs and WT MEFs, and this observation was confirmed with qRT-PCR analysis (Supplementary Fig. 1 ). These results indicated that the observed changes in vimentin protein levels occurred at the level of posttranscriptional control. To determine if the reduction in vimentin level was due to enhanced degradation, cells were incubated with the proteasome inhibitor MG132. Treatment of KO MEFs restored the levels of vimentin to that of WT controls in 6 h of treatment (Fig. 3B) , whereas no significant changes in vimentin levels were observed in WT MEFs. These results indicate that a decreased vimentin level in KO MEFs is due to enhanced proteasomal degradation caused by excess PKA activation.
Loss of vimentin correlates with other signs of MET in Prkar1a À/À MEFs. To determine if loss of vimentin was an isolated event or if there were other molecular alterations associated with change in cell function, we next performed immunoblotting for the epithelial marker E-cadherin. As shown in Fig. 3C , E-cadherin was markedly up-regulated in the KO MEFs. This up-regulation was mirrored at the mRNA level, as microarray hybridization studies indicated a 4.4-fold increase of the E-cadherin transcript (Cdh1) in KO cells compared with WT cells (Table 1) . Finally, to confirm the alteration in cell fate, we performed Western blotting for other markers of the mesenchymal lineage (17) . Analysis of N-cadherin and a-smooth muscle actin (encoded by Acta2) showed down-regulation of both of these mesenchymal structural proteins, whereas fibronectin was not altered. Analysis of the transcription factors Snai1 (Snail) and Twist did not show changes in expression level. To better understand these observations, we also mined our preexisting microarray data 4 to determine the expression of these and other relevant mRNAs (Table 1) . Using an arbitrary cutoff of a 1.5-fold change, we observed transcriptional up-regulation of the epithelial markers E-cadherin (Cdh1) and Tight junction protein 1 (Tjp1, also known as ZO-1), and transcriptional down-regulation of the mesenchymal markers Slug (Snai2), Twist2, Hmga2, Ets1, and a-SMA (Acta2). No alterations in transcript levels for other mesenchymal markers, such as Lef1, Ets1, Hnrpab (CBF-A), Trim28 (KAP-1), or Fsp1 (S100A4), were Figure 2 . Loss of vimentin occurs in Prkar1a null schwannomas but not in tumor stroma. A, vimentin staining is lost only in cells with h-galactosidase staining as a marker for cre activity. B, immunofluorescence of vimentin and F-actin (stained by phalloidin) on frozen sections of Prkar1a null schwannomas. Vimentin staining is absent in the tumor compartment (T ), whereas it is easily detectable in the stroma (S ). Phalloidin, which stains F-actin, is present equally in both compartments. C, Western blotting of the tumor lysates confirmed the down-regulation of vimentin in tumors compared with normal Schwann cell lysates. h-Actin is used as a loading control.
observed. Interestingly, there is no change in the transcript levels of N-cadherin, despite its reduction at the protein level. These data indicate that the protein changes characteristic of the MET phenotype occur by a combination of both transcriptional regulation (Acta2) and post transcriptional regulation (vimentin, N-cadherin).
Down regulation of vimentin is caused by increased PKA activity. Next, we wanted to examine if these changes were a general phenomenon associated with activation of PKA. To address this, we transfected the Protein Kinase A catalytic subunit (PKAC) into HeLa and 293T cells and measured the effects on levels of vimentin. Similar to the observations in Prkar1a KO MEFs, increasing PKAC expression led to the down regulation of vimentin protein in both HeLa and 293T cells (Fig. 4A and B) . These findings provided confirmatory evidence indicating that enhanced activation of PKA is able to suppress levels of the vimentin protein.
Loss of vimentin in adrenal nodules from CNC patients. The most common endocrine manifestation in CNC patients is primary pigmented nodular adrenocortical disease (PPNAD), in which multiple hypersecretory adrenal nodules are seen in the setting of an atrophic adrenal cortex (18) . Adrenal nodules from these patients are highly pigmented due to the accumulation of lipofuscin, which has been reported to be seen only in nodule cells exhibiting loss of heterozygosity (LOH) of PRKAR1A (19, 20) . Functionally, loss of PRKAR1A is associated with excess PKA signaling in these tumors, similar to Prkar1a KO MEFs (14, 21) . To determine if CNC-associated adrenal tumors also exhibited changes in vimentin, paraffin embedded adrenocortical sections from patients were stained for vimentin. In agreement with the data presented above, human adrenal tumors exhibited essentially complete loss of vimentin in the adrenal nodules, whereas the internodular cortex stained intensely (Fig. 5) . In contrast to human patients, adrenal nodules are not observed in Prkar1a +/À mice (9, 22) , so a comparative study was not possible. These results show that vimentin is down regulated in response to loss of PRKAR1A/Prkar1a in both human and mouse tumors, suggesting that down regulation of vimentin is one of the consequences of increased PKA activity which might affect the behavior of tumor cells. 
Discussion
Epithelial to Mesenchymal transition (EMT) and MET are normal embryonic processes involving interconversion of epithelial and mesenchymal cells, which serve to generate the proper variety of differentiated tissues during organogenesis (23) . EMT has been proposed to be an important step in determining the behavior of cancers, as acquisition of the mesenchymal phenotype has been proposed to be important for allowing cancers to invade and cause metastasis (23, 24) . Although the process of EMT has been studied carefully in the setting of cancer biology, much less is known about the role of MET. During development, MET occurs during somitogenesis, kidney development and coelomic cavity formation (25) (26) (27) (28) , and a similar process plays a significant role in the repair of kidney damage (29) . In tissue culture cells, MET can be induced by overexpression of the epithelial marker E-cadherin (30) or the proteoglycan versican (31) . MET may also have a role in cancer progression different from that of EMT. In a model of bladder cancer metastasis, MET was shown to enhance the ability of injected cells to seed distant sites in a Fibroblast growth factor receptor 2 (FGFR2)-dependent manner, whereas the ability to metastasize from a primary tumor required a different set of cellular changes (29) .
The connection between PKA signaling and epithelial-mesenchymal identity has not been elucidated in detail. PKA has been proposed as a mediator of EMT in response to transforming growth factor (TGF)-h1 in a murine hepatocyte cell line (32) , although a direct role for PKA could not identified. Similarly, PKA activation was proposed to promote EMT in the developing neural crest downstream of BMP4/Sox9 signaling; in this model, PKA's role in this process was found to be complex (33) . To the best of our knowledge, there have been no reports describing a role for PKA in MET, either in vitro or in vivo. It has been shown that PKA can regulate vimentin phosphorylation, and this posttranslational modification seems to affect intermediate filament formation. However, no effects on vimentin protein levels have been reported (34, 35) . Phosphorylation of vimentin by PKA leads to changes in cell morphology, as observed in Prkar1a KO MEFs. 5 PKA is also known to affect the recruitment and function of the vasodilatorstimulated phosphoprotein at tight junctions, and this may also play a role in modulating the epithelial phenotype (36) . Vimentin itself is considered a marker for mesenchymal cells, and recent data indicate that it also has a functional role in promoting the mesenchymal phenotype and invasiveness (24) . This protein is typically expressed in neoplasms originating from mesenchymal tissues; sarcomas, lymphomas, malignant melanomas, and schwannomas are virtually always vimentin-positive (37) . Additionally, mesoderm derived carcinomas, like renal cell carcinoma, adrenocortical carcinoma, and adenocarcinomas of the endometrium and ovary, usually express vimentin, as do many thyroid carcinomas (38) .
In contrast with the finding in typical schwannomas, we observe a striking down-regulation of vimentin in Prkar1a À/À schwannomas, a finding recapitulated in PPNAD specimens from CNC patients. Similarly, although vimentin is normally easily detected in fibroblasts, we find that the protein is essentially absent from Prkar1a KO MEFs, which exhibit multiple molecular alterations consistent with MET. In each of these different models, we observed a consistent down-regulation of vimentin, which was corroborated by the activation of PKA by direct transfection of the catalytic subunit. Taken as a whole, the data suggest that direct activation of PKA causes MET. The role of PKA activation in this process is complex, however, as we have shown in the MEFs that changes in protein expression can occur at either the transcriptional or posttranscriptional level. This physiologic change from a mesenchymal to an epithelial phenotype would be expected to play an important role in tumor cell biology (39) , and the fact that malignant tumors are rarely seen in CNC patients may be a biological reflection of this cell fate alteration. Also, the fact that tumors associated with activation of PKA signaling, including thyroid tumors and adrenocorticorticotropic hormone (ACTH)-responsive adrenocortical lesions, are rarely malignant may be partly explained by the fact that activation of PKA signaling promotes epithelial differentiation, which must be overcome by other means before metastatic spread can occur. For these tumors to become invasive, molecular alterations causing loss of PKA signaling must occur, such as loss of the ACTH receptor in adrenocortical cancers (40) .
Unlike other regulatory subunits of PKA, Prkar1a is the only isoform that is essential for early embryonic development (3, 9) . Prkar1a À/À embryos fail to develop a functional heart tube at E8.5 and are resorbed before E10.5, highlighting the role of cyclic AMP/PKA regulation in early embryonic development. At the biological level, early Prkar1a À/À embryos show a reduced number of mesodermal cells emerging from the primitive streak and fail to develop normal mesoderm-derived structures. This developmental defect was shown to be due to excess PKA activity, as it was partially rescued by genetic disruption of PKA catalytic subunits (3) . Based on the findings presented here, we propose that the defect in mesodermal specification in this model may be due to MET of these developing cells.
Given our observations suggesting that PKA activity causes MET, the exact role of PKA in development remains somewhat unclear. It is possible that the balance of EMT versus MET is controlled by cell type-specific factors so that the results of any experiment will depend strongly on the exact tissue/cell type chosen for study. Neither liver nor bladder tumors have been associated with loss of PRKAR1A in humans or mice, so the studies indicating that PKA is required for EMT in these tissues (32, 33) may contrast with findings in Schwann cells, which are well known to have a prominent growth response to PKA activation (41, 42) . An alternate hypothesis is that there is a specific signaling effect of the PRKAR1A subunit that is required for EMT function of PKA. Individual PKA regulatory subunits have specific patterns of interaction with various A-kinase anchoring proteins, which can affect PKA localization and function, particularly as it affects cell structure and function (43) . Therefore, it seems reasonable that specific loss of the PRKAR1A subunit, such as in CNC, shifts the balance toward MET, as observed in the experiments described here. Further experimental studies will be required to resolve this uncertainty.
In summary, we have shown that activation of PKA signaling is sufficient to cause a reduction in the mesenchymal marker vimentin as part of a process of MET. This occurs in a mouse model and in human patients with the CNC. The long-term implications of these findings, including the consideration that manipulation of the PKA system could be used for therapeutic effect, may bear further investigation.
